Abstract. Thanks. to the agreement found between in situ measurements and TOPEX/POSEIDON data in the western tropical Atlantic Ocean, a realistic picture of the spatial and temporal variability over the 1992-1997 period is obtained. The sea level variability clearly emphasizes three ranges of variability. The intraseasonal variability is associated with propagating features north of the equator, consistent with a first baroclinic Rossby wave characteristic. The annual variability, which represents the largest part of the variability, describes the seasonal cycle of the North Equatorial Countercurrent; but, more interesting, is a clear year-to-year variability in the northernmost part of the area. The surface currents also reveal an intraseasonal tendency with a peak of energy at 62 days at 5 "N. Upper layer volume transport across 38"W and between 3 "N and 9"N shows a regular seasonal contrast mostly due to the 3 "N-6"N region. Year-to-year variations are also clearly evidenced. The eastward transport loses about 35% of its strength in the second half of 1995 coqared with 1994. This event is followed by a stronger than usual westward transport in early 1996, and in early 1997, the transport seems abnormally eastward. However, contrary to the seasonal cycle, this interannual variability occurs mainly in the 6"N-g"N band. Interhemispheric transport eomputed across 7"30'N, between 50"W and 35"W, is northward during the whole period [1992][1993][1994][1995]. A seasonal cycle can be --detect$-with maxqum transport during boreal winter and minimum in spring-4ÏT EtëriGting result is the increasing tendency of the northward transport from April 1993 until boreal fall 1995, when the maxirqh value for the period is reached.
transport across 38"W and between 3 "N and 9"N shows a regular seasonal contrast mostly due to the 3 "N-6"N region. Year-to-year variations are also clearly evidenced. The eastward transport loses about 35% of its strength in the second half of 1995 coqared with 1994. This event is followed by a stronger than usual westward transport in early 1996, and in early 1997, the transport seems abnormally eastward. However, contrary to the seasonal cycle, this interannual variability occurs mainly in the 6"N-g"N band. Interhemispheric transport eomputed across 7"30'N, between 50"W and 35"W, is northward during the whole period [1992] [1993] [1994] [1995] . A seasonal cycle can be --detect$-with maxqum transport during boreal winter and minimum in spring-4ÏT EtëriGting result is the increasing tendency of the northward transport from April 1993 until boreal fall 1995, when the maxirqh value for the period is reached.
I I
During the] last 10-15 I____ years, __ thanks --t o -w n t oceanographic pÌõjj"7uch as the fiançais octsan Climat en Atlantique ÉquatoriaVSeasonal EquatoriaL Atlantic (FOCAUSEQUAL.), Tropical Ocean Global Atmosphere ('TOGA). and World Ocean Circulation Experiment (WOCE) programs, data analysis as well as numerical modeling studies have evidenced the complexity of the tropical Atlantic Ocean variability. In contrast to the Pacific, where ocean fluctuations are predominantly on seasonal to interannual timesdes. the variability of the Atlantic appears on intraseasonal. seasonal, and interannual scales and also on a characteristic decadal (and even longer) time period usually associated with the "conveyor belt" [Gordon, 19861 . The northmost Atlantic extent favors surface waters to become increasingly salty and to sink as they flow in from the Southern Ocean, and the incoming waters are compensated by the outflow of deep water. Crossequatorial heat and salt fluxes a~ required to realize this climatic Atlantic signal. Although schematic diagrams of average cuITents in the tropical Atlantic have been constructed in previous studies Copyright 1999 by the American Geophysical Union.
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0148-0227/99/1999JC900124$09.00 [Richardson et al., 19941 , questions about that circulation are still pending, such as, for example, the difFemt pathways of crass-equatorial transports.
Numerical studies of the tropical Atlantic Ocean have revealed that most of the northward flux of heat and mass should be concentrated on the western boundary. Western boundary currents are the mast powerful currents in the oceans.
No winddriven ocean circulation thmq is complete without the closure of the western boundary; but the complexity stems from the huge spatial extent of those c m n t s and from their tremendous spatial and temporal variability. Early modeling Studie indicated that the advection of South Atlantic waters into the subtropical gyre of the North Atlantic was the result of a continuous western boundary transport [Philander and Pacanowski, 19861 . However, results from the WOCE community modeling effort do not present such an impartant direct transport along this route [Schott and Boning, 19911 . Furthermore, recent observations indicate that some transport occuls along the western boundary via intermittent shallow boundary currents and eddies that pinch off from the North Brazil Current (NBC) Retroflection [Richardson et al., 1994; Bourl2s et al., 1999; Johns et al., 19981 . Indeed, the difficulties a~ compounded by the fact that these regions are the spawning areas for mesoscale eddy activities. As stated by Johns et al. [1998] , passible pathways for the northward flow at the western boundary surface should include a coastal ARNAULT ET AL.: WES'ERN EQUATORIAL ATLANTIC CIRCULATION boundary c-nt [Csanady, 1985; Candela et al., 1992; Friedrich and Hall, 1993 ; B. Bourlès et al., manuscript in preparation. 19991, rings shed from the NBC Retroflection, and oBhore NBC Retroflection into the North Equatorial Countemmsnt (NECC) followed by northward Ekman transport [Mayer and Weisberg, 19931. Thus the mechanisms that carry the western boundary throughflow have yet to be fully documented. As numerical models, in general, in particular in the tropics, are very sensitive to inaccuracies in surface foreings and parameterized model physics [Blanke and Delecluse, 1993; Bryan et al., 19951 , highquality climate data sets are still needed. Another interesting aspect is the combined use of satellite observations with in situ data.
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As part of the WOCE program, two oceanographic cruises were carried out in the western tropical Atlantic Ocean: ETAMBOT 1 in September-October 1995 and ETAMBOT 2 in April-May 1996. Highquality in situ measurements were gathered west of 35"W, between 5"s and 10"N, along three sections at 7"30N, 35"W and a slanted section (hereinafter referred to as the Ceara transect) from the A " mouth (0°N,45"W) to 8"N,41"W, crmsing the Ceara Rise. Diffemit parameters sampled during the cruises are described by the following: Andrié et al. [ In this study, we use the ETAMBOT data together with the TOPEXPOSEIDON altimetric measurements in order to obtain information about the variability of sea level, currents, and transports in that western boundary area. Previous encouraging altimetric studies have been carried out with the 17-day cycle and the 2-year duration of the Geosat altimeter mission on the seasonal cycle of the NECC and NBC [Carron and Katz, 1990; Didden and Schott, 1992, 19931 . Thanks to the longer TOPEX/POSHDON time series and higher sea level accuracy and the concomitant ETAMBOT data sets, we pursue herein these efforts. We investigate larger temporal scale fluctuations of velocity and fluxes in d e r to place the cruise in a more general temporal and spatial context and to bring complementary information on the dynamics mentioned above. Univemity tide model or the Grenoble University tide model leads to the same residual tide error effect on the sea level variability in the western tropical Atlantic: a strong 2-month residual error with a 5-to 6cm amplitude is located offshore ftom the Amazon river, and a weaker signal (3 cm) is concentrated on the continental shelf up to the Carib-. Thus we will only refa to the altimetric data offshore of the 500-m isobath. Erroneous data with SLAs greater than 50 cm were also discarded from the analysis.
The original altimetric sampling of TOPEXPOSEIDON data is about 7 km along track over a 1O-day repeat cycle. Along the equatar, two adjacent tracks are spaced 350 km apart. Obviously, this is not enough for the description of mesoscale variability featumi. Thus an objective analysis [Bretherton et al., 19761 has been performed on the data to interpolate them on a regular 0.5" x 0.5" x 5-day grid between 55°W,30"W and 10"N,10"S. This kind of approach has already been used successfully in altimetric studies [De Mey und Robinson, 1987; Mallardé et al., 1987; Arnaitlt et al., 19901. An isotropic comlation radius of 200 km was assumed together with a 15-day temporal conclation. Owing to the high precision of TOPEX/POSEIDON data, in particular of the TOPEXPOSHDON orbit, the mean accuracy of SLA is about 2 cm. Geostrophic currents were then computed fnom SLA 1" off the equator using a finte Werence scheme and the geostrophic balance: Klinck, 19951 . The amplitude of this signal grows westward to reach m m than 20 cm (peak to peak) at the westernmost stations. The root-mean-square (rms) difference between SLA and DHA is 3.4 cm, but a large part is due to the 1Ocm misfit occurring between DHA and SLA at 50"W, near the coast. If we omit only this geographical point from the series, then therms d i f f e m c e decreases to 2.5 cm, nearly equal to the TOPEX/POSEIDON accuracy. Along 35"W, DHA and SLA show a meridional slope starting from -6 cm at 3 4 " s up to 10 cm at 7"N. However, this slope is steeper for the in situ data than for the altimetric measwements, resulting in a 3cm rms diíErence. Along the Ceara transect, a V-shaped structure (and thus an inversion of the geostrophic cross-track velocity anomaly at about 5 "N) appears with minimum values at 4"N (-10 cm) and maximum values at 2' 30" (about 5 cm) and 8"N (about 15 cm). The agreement is excellent (2.4 cm for the rms difference), except for the southernmost part of the section. Indeed, at 0.5"N. DHA opposes the increasing trend shown by SLA. As mentioned in section 2 and can be seen from the raw along-track data superimposed on the Ceara transect (thin line in Figure la, bottom), this is clearly the signature of local influence of tide carrectiom in the altimetric signal.
In April-May 1996 @igm lb) the zonal slope observed along 7'3097 during the preceding boxed fall cruise has disappeared or even slightly reversed between 45'W (+lo cm) and 35"W (-5 cm), but the undulations still persist. However, one of the DHA highs at 40"W has been missed by altimetry, so that the rms clifkrence is about 4 cm. Along 35"W, both DHA and SLA present a decreasing trend from 5"s to 3"N, then a reversal and steep slope up to 7"N. The rms dif€emce is below 2 cm, i.e., below the TOPEXlPOSEIDON accuracy. Along the Ceara transect, DHA and SLA present the same large-scale tendency, but the small-scale structures along the southern part of the transect are clearly opposite. However, the TOPEXPOSEIDON values along that southern part of the track must be viewed with caution owing to isolated ionospheric comtion problems for this particular period and geographical area. Then, from 5"N to 8'3097, the agreement between DHA and SLA is attained again with the same increasing slope from -10 to 6 cm.
Thus this first comparison of S W H A brings encouraging results. Thanks to the high quality of the TOPEXPOSEIDON altimetric measurements, mesoscale information as well as large-scale variability can be extracted from the satellite data through the means of an objective analysis and compares favorably with the ETAMBOT measurements. We now investigate in the next subsection if the agreement is still good in terms of current variability.
Surface Current Variability
Figures 2a comparison is that, globally, the directions of the currents are rather similar, with the same reverses along 7'3097, but the magnitudes can be W r e n t (usually less for the altimetric current, rather afkzting the meridional component). Figure 3 gives a scatterplot of the ETAMBOT measurements versus TOPEX/POSEIDON deduced cmnts.
For this purpose, both currents ,have k e n interpolated on the same geographical and temporal lytion. On average, the currents oscillate between +/-50 cm s-but can reach mare. The symmetrical regression line [Bauer et al., 19921 :
is close to the "perfect" Y = X case. Table 1 gives the average values and rms variabilities for each of the zonal and meridional components U and V, and for each of the ETAMBOT cruises and transects. The mean currents over the whole area generally in agreement, both in magnitude and direction. The ratio between the rms variabilities ranges between 0.9 and 1.4. and the rms dBe"s a~ below the respective standard deviations except for the V component during ETAMBOT 2. Indeed, this rms difference is often b e r for the meridional component than for the zonal component. This is due to the better m e r i d i d altimetric data merage (along-track sampling is originally 7 km) than thq latitudinal one (350-km spacing between adjacent tracks). The meridional gradient of S U is therefare better resolved than the latitudinal one, and thus the U component of velocity is better estimated than the V component. Table 1 also confirms that the discrepancies between the currents are essentially a problem of magnitude of the respective components but not of sign. Along the 7' 30" transect, the mean c m n t s are low, but the variability is high both for TOPEXPOSEIDON and the SADCP velocity and for both ETAMBOT 1 and 2. The TOPEX/POSEIDON variability is weaker than the SADCP variability. This is due to smoother meandering variabfity between 38"W and 50"W for TOPEXPOSETDON than for the SADCP currents. Along 35"W. the comparison is better for U during ETAMBOT 1 and for V during ETAMBOT 2. This discrepancy for U is due to a northward extent of the altimetric NECC core compared to the SADCP current. The ratio between the variabilities still ranges between 0.8 and 1.3. Along the Ceara traasect, we observe a stronger variability for TOPEXPOSEIDON than for the SADCP data during ETAMBOT 2. This is the worst result of the series and is due to the altimetric height problems along the American coast stated previously.
Looking mare precisely at the surface current map, we notice a large anticyclonic feature off Erench Guiana (50"W. 5ON-7"N) in September-October 1995 (Figure 2a) . West of 42"W, the meandering is so strong that the zonal component is alternatively eastward or westward. Strictly speaking, the eastward NECC appears during that period for both data sets only east of 42"W. This signature of the eastward NECC can also be seen from the SADCP current north of 5"N, along 35"W. However, the altimetric velocity is mostly northward there, with only a tiny eastward component. South of 5"N and down to 1°N, both currents are in good agreement and show westward direction (30-50 cm 5-l) associated with the South Equatorial Current (SEC) turning south when approaching the equator. Between 1"s and 3"s the currents are eastward. At the southernmmt part of the 35"W transect, the culTents reveme, again in agreement with the presence of the coastal and strong (75 to 100 cm 5-l) northwestward flowing NBC, which can also be observed in the southem part of the Ceara transect from the SADCP measurements. That part of the transect is too close to the coast and the equator, however, to allow diable geostrophic calculations from S U , so that we have nò evidence here, from altimetry, of the coastal NBC. North of 2"N, along that Ceara transect. both currents are eastward, turning westward between 4"N and 5"N.
In April-May 1996 (Figure 2b Units are centimeters per second, R means the ratio of the rins (ETA/TP). Values are presented for the global area, and for the three main transects sampled during the ETAMBOT 1 and 2 cruises. cumnts around 50"W, off French Guiana. The eastward NECC is only suggested between 45"W and 50"W. A westward circulation is now observed in the eastern part of the transect, as along the northern part of the 35"W transect. Thus the NECC has totally disappeared from that transect in AprilMay 1996, and the SEC is observed farther north than in September-October 1995. South of 3"N, currents are eastward, before changing again westward south of 2"S, in agreement with the presence of the coastal NBC along the Ceara Rise. As already mentioned, the altimetric data are unrealistic between 1"N and 4"N during this cruise. However, north of this latitude, SADCP and altimetry agree again and show a weak and westward current.
We have checked if the differences observed in magnitude between the altimetric and the SADCP culTent could be due to ageostrophic components. First, we computed an Ekman drift from the ERS scatterometer wind product. We used the weekly 1" x 1" wind data sets from Centre ERS d'Archivage et de Traitement (CERSAT). For example, along 7' 30" during ETAMBOT 1, we obtain a mean UMal velocity equal to 0.3 cm s-', with a rms variability of 4 cm s-'. For the meridional component we obtain a mean value of 6 cm s-'. The rms variability is 4 cm s-'. These values are clearly not enough to explain the discrepancies between the TOPEXPOSEIDON and SADCP values. Furthermore, the oscillations observed in the altimetric and SADCP currents along this latitude cannot be the result of relatively weak and steady trade winds in terms of Ekman drift.
As stated previously, the 7"30'N transect is a spawning area for meandering currents and mesoscale activity. Thus we have to check the influence of such mesoscale features on the results. If the harizontal scales of such disturbances are small enough, then the main balance issued from the Navier-Stokes equations is no more between the pressure gradient and the Coriolis forces (the geostrophic balan%) than between the pressure gradient and the centrifugal forces. In that case, a better approximation to the actual flow than the geostrophic flow is given by the so-called "gradient wind" equation in meteorology [Gill, 19821:
where R is the radius of the eddy structure. The gradient wind is the sum of the geostrophic and cyclostrophic components. Combined with (l), (2) can be rewTitten as
and gives the ratio between the geostrophic and the gradient flows. Didden and Schott 119931 found that most of the diffèreme at 8"30'N,52"01W between the amplitude of the fluctuations estimated from the h a t altimeter and measured with a current meter was due to this cyclostrophic component. We did the same computations. In September-October 1995 we found, along 7"30N, a ratio VglV ranging from 0.85 to 1.09. Thus considering the cyclostrophic component in that a m would modify the results by around 10%. Figure 4a and 4b show the monthly meam of TOPEXIPOSEIDON currents as observed in September 1995 and April 1996. We selected these two particular months as they are representative of the periods when the ETAMBOT cruises were carried on. The major featues of incoming and outgoing surface flows, as hypothesized by Bourlès et al. northeastward to join the NECC at 35"W. This is clearly the pattern evidenced in Figure 4a , except that the northward flow at 35"W is intensified in the altimetric data compand to the SADCP currents. South of the equator, a northward current runs alongside the coast and joins the SEC to form the NBC at 35"W. Also interesting to note is a partial retroflection of the NBC south of the equator. Schott et al. [19981 and Bourlès et al. [this issue] observed a surface eastward jet above the EUC during different bom1 fall cruises. Altimetric circulation seems thmfore to indicate that part of the feeding of this equat&l eastward surface current is due to a partial retroflection of the NBC.
In April 1996 (Figure 4b ), currents are globally weaker. Whereas a partial NBC ~troflection is observed at 4"N,49"W, part of the NBC Continues toward the Caribbean. In the same way, the NECC remnant along 7'30" is only visible from 46"W to 5O"W. The major currents are observed in the middle of the region, where an eastward meandering current centered on 4"N n e i g h h a westward meandering current centered on 5"N. ReGirCulatiom between the two opposite currents can be seen at 45"W and 35"W. South of the equator, the northward flowing coastal current merges with the SEC to form the NBC at 35"W, as in September 1995, but there is no more NBC Retroflection feeding a surface eastward current south of the equator.
Transport Variability
More than the currents by themselves, information on the oceanic transports is essential when looking at climate variability. W h e w hydrogmphic or ADCP measurements offer good vertical resolution but are sparse in time, altimetric data supply good temporal resolution but no information on the vertical. Thus, to attempt to obtain the transport time variability. the question is how to "project" the twodimensioned (2-D) surface altimetric information in the vertical, at least in the upper layen. Past studies have shown that most of the temporal variability of the upper layer oceanic transport o c c u r r e d in the first 100 m i [Garzoli, 1992; Johns et al., 19981, as the cores of the main surface currents are located in this layer. Thus we will consider the 0 to 100-m transports. The next purpose of t h i s study is therefore to investigate how, when no in situ data are available, we can reliably obtain the temporal variability of the O to 100-m transports from altimetry Similar extrapolation of the altimetric data to integrated transports has been conducted successfully in other parts of the' ocean [Garzoli and Gordon, 1996; Garzoli et al., 19971 . Usually, the authors face the problem of projecting, over the depth, the two-dimensional information given by altimetry by assuming either barotropy, statistical regression, or a linear (or exponential) decrease of the velocity with depth. Carton and Katz Cl9901 use a two-layer model to compute the NECC transport from h a t sea level data. Also using b a t data, Goni et al. [1996] propose a methad to monitor the thickness of the upper layer and the barotropic and barochic transports in the Brazil-Malvinas Confluence Egion by using SLA and statistics. As shallow water models have proved to be quite efficient in the tropics to monitor upper layer dynamics (a key parameter in the tropics is the depth of the thermocline, which varies from 30-50 m in the east to 160-150 m in the west), we follow an approach similar to that of Carton and Katz C19901. We assume that a baroclinic mode is dominant when looking at the O-to 100-m transport variability in the tropical Atlantic, as it is for DH or c m t variability [Du Penhoat and Treguier, 1985; Philander and Pacanowski, 19861 .
The vertical mode decomposition applied to the velocities gives
which can also be integrated over a direction a (a=x or y ) perpendicular to the velocity to produce meridional or zonal transports
At the surface (obtained from altimetry) and then,
The detailed procedure is the following. To check the method, "ml" transports are first calculated from the SADCP data. We integrate the cross-section velocity over the upper 100-m layer, assuming a slab layer between O and 16 m where no data exist. These SADCP transports will constitute a reference basis to test the hypothesis we made to compute the altimetric transports. In a second step we use the hydrogaphic data to calculate vertical barochic modes over the area. We present only the results for the first two dominant baroclinic modes in the tropical Atlantic Ocean ($1 for the first mode (MI) and 4t2 for the second mode (M2)) [Philander und Pacanowski, 19861 . Rom the Brunt-VXsU frequency:
where g = 9.8 mls2 is the acceleration of gravity, PO is the mean density value, pe is the potential density, and we obtain the vertical mode solutions b o f itN2, a2$,,/aZ2 + $ JC',, = o where c, is the velocity associated with the mode n (n=l or 2 as stated before). Plate 1 shows all the vertical profiles of and & for the two cruises. The mean profile we used, calculated from all the profiles of both cruises, is also presented. As expected from previous studies, scattering of the individual profiles is prevalent in the upper layers, especially for the stations located close to the continental shelf. Both modes reveal a deeper mixed layer in boreal spring 1996 (about 150 m, Plates l b and Id) than in fall 1995 (about 50 m, Plate la and IC). Upper layer values are also stronger in April 1996 than in September 1995. However, no seasonal surface variation can be seen for $1 between the respective characteristics of the &rent transects of the cruises (7"30'N, 35"W, Ceara, off French Guiana). The 7"30'N section always gives the highest values. This is not the case for 4t2, as the 7"30'N transect presents the highest values in boml fall 1995, whereas the 35"W transect gives the highest values in boreal spring 1996. On the contrary, for the subthermocline layers (500-1000 m) the seasonal variations between the transects are mostly evidenced by Therefore the seasonal variability is mostly associated with the second baroclinic mode for the upper oceanic layers and with the first baroclinic mode for the subthermocline layers. The mean profile obtained from these data presents a 150-m mixed layer depth for $1 and a first zero crossing around 200 m for b. We will check later on the resulting influence of the variability we neglected using this mean profile in the calculations. After having obtained the mean profiles and b, we are able to get, from the altimetric velocity Udt, Valt, the vertical cross-section transport approximation over the first 100 m depth as descrikd previously.
Plate 2 gives an example of the calculations along 7'30" for both cruises. It shows the meridional transport calculated over the first 100 m depth and between each station pair of the transect, as given by altimetry for Ml or Mz or by SADCP. The agreement is rather good for both cruises. The transports are mostly northward, especially in Se tember 1995, and vary from -3 to +4 Sv (1 Sv = l.106 m SI), It is impossible to distinguish any significant difference between the altimetric transport computed either with the first mode or with the second one. The rms differences between the altimetric and the SADCP transports equal 0.89 Sv in September 1995 and 0.87 Sv#in April 1996. This is below the errors induced on the transports by the velocity errors themselves (around 0.3 Sv for the SADCP transports and 0.9 Sv for altimetry at this latitude).
To check the efficiency of the method, which consists of using a mean barochic mode to get information in the vertical from altimetry, we also use the surface SADCP c m n t and the same mean barochic mode profiles to estimate transports in the same way as the "altimetric" ones. The results are also shown in Plate 2. Apart from a slight discrepancy murring during ETAMBOT 1 between 37"W and 39"W, the three cumes ( 1 1 d SADCP transport. '34.1" SADCP transport, SADCP transport) are nearly indistinguishable. This result obtained with the SADCP data also "firms our choice of the mean profile. If this profile was inappropriate, then discrepancies between "real" and "approximated" transports would result. To check it, we recompute the transports by using two profiles that are on the opposite edges of the vertical mode variability (l ' l at e 1). The results (not shown), in terms of transports, do not reveal significant differences, with all the values difkring by less than 5%. The method therefare seems robust for the upper layer transport computation. and the differences observed between altimetric and SADCP transports are mostly due to differences in surface velocities as noted before.
The agreement found between in situ measurements sampled during boml fall 1995 and spring 1996 and the TOPEXD'OSEIDON data in terms of S U , surface velocities, and upper layer transports inclined us to study the spatial and tempml variability over the ETAMBOT area between 1992 and 1997 from altimetry.
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Tropical Atlantic Western Boundary Variability Between 1992 and 1997
SLA Variability
We approach the temporal variability of the ' S U over the ETAMBOT area using an empirical orthogml function @OF)
analysis, which has proved to be a very powerful tool for 
Topex-Poseidon mode 2
Plate 2. Meridional transport integrated over the first 100 m depth and between each station pair of the 7' 30" transect as given by projecting altimetry over a first baroclinic vertical mode profile (solid black line), a second baroclinic vertical mode (solid, dark blue line), or by SADCP (dashed yellow line). For reference, the transports obtained by projecting the SADCP surface data on the first baroclinic vertical mode profile (dashed, light blue line) or a second baroclinic vertical mode (dashed pink line) are also displayed. Units are sverdrup (106 m3 s-1). The barycenter of each station pair used to compute the transport is indicated by a circle. The total meridional transport integrated along 7' 30" from 35"W to 50' W can be obtained by adding these discrete values (For example, this gives, during ETAMBOT 1, around 6 Sv for the SADCP and 8.5 Sv for altimetry projected over the first mode).
isolating and upderstancling physical processes in oceanography and meteorology [Lorentz, 1969; Davis, 19761 (a review of the problem is given by Voli Storch and Navarra 119931). We first analyzed the 5day time series over the nearly 5-year period. From a mathematical point of view, this means that we considered detrended row vectors of e365 points length (5-day resolution LJ 73 points per year x 5 years) in the matrix, of which the covariance has to be computed to solve the eigenvalue problem. As expected from previous studies [Duchêne and Frankignoul, 1991; Arnault and Cheney, 19941 . b e first functions present clearly annual signals (12-month, 6-month, and 2-to 3-month periods), with slight year-to-year (''interannuall( in the following) variability. Thus we reanalyzed these results, focusing first on a mean annual signal, then on the interannual deviation. We have decomposed the EOF annual signal into an intraseasonal and an annual study. Thus the matrix considered for the intraSeasonal variability uses 5 pu's of 3-month realization with a'5day resolution (20 realizaticms). It has detrended row vectors of e 18 points. The matrix for the annual study uses 5 years of 12-month realization with a 5day resolution (five realizations). It has detrended row vectors of e73 points. The interaunual deviation has been computed then by subtracting the annual mean. The EOF interannual analysis is performed on a matrix of 365 point row vectors (5 years with a 5day resolution). Table 2 gives the varianm and the percentages of variance explained by each of the first five EOFs computed for these periods. 4.1.1. Intraseasonal variability. As shown in Table 2 , the first two EOFs explain more than 60% of the intraseasunal variance. Figure 5 presents the spatial and temporal struch.lres associated with these two EOFs. Both show an area of extrema located between 3"N and 8"N. A zonal succession of highs and lows appears with a horizontal scale around 400-600 km.
reduced westward. It is close to the scale of the meanders observed during the cruises at 7' 30". The temporal structms are nearly sinusoidal with a 2-to 3-month period. Lag codations indicate that these two EOFs are representative of the same dynamics. the westward propagation of a wave-like structure along these latitudes. Common EOFs are not suitable for representing propagating features, which will appear "split" over several functions as shown in Figure 5 ; but these propagations, starting between 30"W and 35"W, are evident throughout the 1992-1997 years on a SLA longitude versus time diagram at 7"30!N (Figure 6 ). The mean propagation speed is about 13 cm s-', which is consistent with the characteristics of the first barochic mode Rassby waves off ,the equator. Many authors have investigated these features in recent years [Johns et al., 1990; McClean and Klinck, 19951 . This point will be reconsidered in the following sections. Richardson and McKee [1984] study the variability of the surface circulation from ship drifts. These studies were pursued with the first altimetric missions GEOS, Seasat, and Geosat [Ménard, 1988; Carton, 1989; Arnault and Cheney, 19941. The NECC region and the western boundary annual signal characteristics were also investigated from either in situ or satellite data [Carton and Katz, 1990; Didden and Schott, 1992; Garzoli, 19921 . All these results emphasize the strong influence of the seasonal cycle in the tropical Atlantic variability. This is also evident from Table 2 when looking at the variance of seasonal variability compared with those of the other timacales. We do not offer here another exhaustive description of the well-known features of the tropical Atlantic S I A seasonal cycle. As seen from Figure 7 , most (60%) of the variability is due to a seasonal contrast between b l winterspring and b l summer-fall situations (Figure 7a ). The geographical a m involved in this 12-month variability is shown as a large east-to-west tongue located between 2"N and 6"N. extending northwestward when michkg the American coast. This is the well-known signature of the NECC high, maximum in boreal summer-fall, and of the NBC signal along the coast. A change in sign is clearly evidenced at about 6"N, shifting northward in the eastern part of the domain. The second and t h i r d EOFs (12% and 7%, Figures 7b and 7c ) represent a lower-period variability (6 months) and involve geographical areas located northward and southward of the NECC high: 6"-10"N for the strongest part and then 2"N-2"S for the weakest. As d e d by Garzoli [19921. from a statistical point of view, this must be so because the percentage of the variance explained by the sum of all modes has to be equal to 100%. Therefore modes 2 and 3 must show higher amplitude at those locations where mode 1 amplitudes are lower. From an ocean dynamics point of view, the sea level deepens twice a year, in December-January and then July, north of 6"N ( Figure 7b ).
The annual variation depicted by this analysis reflects the response of the ocean through Ekman pumping to wind forcing Variance are in cm2 integrated over the region: 1143 data points. and the Intertropical Convergence Zone (ITCZ) north-south migration, as the dynamics of the NECC is directly related to the wind stress curl and its zero line and latitudinal location [Garzoli and Richardson, 19891. 4.1.3. Interannual variability. As stated previously, the annual cycle is the dominant signal in the tropical Atlantic Ocean, contrary to the Pacific Ocean. However, intemual variabfity (or at least "year-to-year" variatiaus) has been detected. Philander [1986] reports the abnormal conditions observed during the FOCWSEQUAL program in 1984. Katz [19931 analyzes the NECC variability between 1983 and 1989 from inverted echo sounders 'JESS) and finds a subsequent interannual variability in the NECC transport. A r n d t and Cheney 119941 find, with Geosat data, an ''€3 Niíí0 like" event occurring in the tropical Atlantic basin in 1987-1988, which affects the mass transport between equatorial and extraequatorial areas. Figure 8 shows the characteristics of the first EOF referring to these long pericds. As the annual cycle observed from these 1992-1997 years is realistic and in agreement with previous studies, it is meaningful to discuss the anomalies from this annual cycle. This first EOF (23%) indicates that in a large par& of the geographical area (35"W45"W x 0"N-1O"N) the SLA varies in phase. Besides 2-to 4-month fluctuations, the S U decreases from November 1992 until January 1995, then a rapid inversion of the tendency occufs until the end of 1995, preceding a new decrease until June 1996, when a new inversion starts, lasting until May-June 1997. As a first approach, assuming that the S U variations are mostly due to steric effects, a SLA decrease would reflect the incoming relatively cold and/or salty waters. On the contrary, a SLA inmase expresses the presence of warm and/or b h waters. Thus Figure 8 indicah that from November 1992 until January 1995, the region became relatively cold and/or salty, then a warm (fresh) event o c c d in 1995, peaking in November, before returning to a coldedsalty situation, peaking in June 1996, and finally, a new warming (refreshment) developed from mid-1996 until the end of the series in boreal summer 1997. Apparent in Figure 8 is that boreal winter 1994-1995 was the '%oldest" period, while boreal spring-summer 1997 was the wannest one. It is interesting to note that the September-October 1995 cruise was conducted when one of the wa.rm/hh tropical Atlantic events was fully developed, contrary to the April-May 1996 one, which took place during a colder/saltier situation as s h m in Figure 8 . . W e they do not have any data available in the upper 100 m at this site, they assume that this offshore reversal reflects the return flow of the NBC Retroflection and that the surface c m n t s at this site would have a similar mean directian. They also remark that the flow reverses from weakly northward or northwestward in boreal spring to southeastward in boreal fall, which is consistent with the expected development of the NBC Retroflection during this period. This variation is in excellent agreement with the altimetric currents shown in Figure 9 . The series is longer than their current meter measurements, extending over 58 months (November 1992 to August 1997) instead of 15 (September 1989 to January 1991) . and every year, the southeastward flow in boreal fall is evidenced from altimetric data. The mean flow computed over the entire series is effectively southeastward and weak, 10 cm s-', The year-to-year variation at this location is also weak: the mean flows computed for the three September-to-January (in concordance with Johns et al. [1998] ) periods of the series range between 8 and 12 cm s-', all Southeastward. The mean power spectrum computed for the zonal and meridional velocity component time series along 5"N is given in Figure 10 . The spectrum is red for frequencies down to around 1/100 days. A first peak is centered at 63 days, for both the zonal and meridional component. It corresponds to the intraseasonal variability observed in the SIA. Johns et al. [1990] have observed oscillations with a mean periodicity of about 50 days from current meter moorings in the western tropical Atlantic. These authors suggest that the oscillations arose from a single, coherent wave process. They speculate that they could be associated with the shedding ofi NBC Retroflection eddies. However, Didden and Schott [1993] compare the occurrences of Geasat altimetric eddies with the [Carton, 19911, or a local instability of the NBC. They conclude that analysis of satellite observations may be able to shed further light on these dynamics. We will not discuss further these 40-to 6Oday oscillations in the tropical Atlantic as seen from TOPEX/J?OSEIDON altimetry, as they constitute a separate paper; but. once again, we can state that despite the coarse resolution of the TOPEX/POSEIDON altimetric mission dedicated to large-scale processes, mesoscale variability is also evidenced by the data. Thus interesting investigations. as suggested by Johns et al. [19981, could be carried out on this topic with such a satellite tool.
In Figure 10 the 5"N spectrum is white for the long periods with energy peaks at about 110-120 days, then 180-200 days, and 360 days. Figure 10 also reveals that the large-scale temporal fluctuations (over 300 days) of currents at 5"N are mostly zonal. The annual peak (360 days) is nearly twice as energetic for the zonal component as for the meridional one. This tendency is maintained far the longer periods. A slight peak is visible for the zonal velocity around 900 days and not for the meridional, but this result must be considered with caution because with a 5-year time series, a 9OOday period is not really well resolved.
Transport Variability
Garzoli [1992] and Katz 119931 use IESs m d along 38"W (O' N, 3"N, 6"N, and 9"N) together with numerical models to compute the NECC transport. We used the same meridional transect, 38"W, and the same latitudinal extents (3"N-g"N) to compute the transport í?om the altimetric measurements in the upper 100 m as explained in section 3.3.
Figures lla-lld present this transport acrass 38"W. The global transport between 3"N and 9"N ( Figure lla) shows a regular seasonal oscillation, in agreement with previous studies. The transport is maximum eastward in the boreal summer-fall season (10 Sv in a mean) and minimal and even westward in boreal spring (-5 Sv). Splitting the latitudinal extent into two areas (6"N-g"N then 3"N-6"N Figures l l b and llc) reveals that most of the Variability occurs in the southern area. The northern one exhibits m m chaotic features, especially during the last 2 years, 1996 and 1997. Year-to-year variations are also clearly evidenced in Figure lla . The eastward transport loses about 35% of its strength during the seccmd half of 1995 compared with 1994. This event is followed by a stronger than usual westward transport in early 1996. This is when the ETAMBOT cruises were conducted. Then, in boreal fall 1996 the situation returns to "normal," but in early 1997 the transport seems unusually eastward. Lodking at Figures l l b and llc, it is clear that the weak eastward transport measured in boreal fall 1995 is mostly due to a weak 6"N-g"N eastward contribution. This c " s the observation we made with the SLA EOF analysis, when the interannual variability was mostly concentrated between 6"N and 9"N. 
Summary and Conclusion
Previous investigations based on in situ observations [Johns et al., 1990; Garzoli, 1992; Bourlès et al., 1999, this issue] detail the circulation scheme in the western tropical Atlantic. The problem is to determine whether or not a cruise is representative of a "mean" situation in space and time. Other studies based either on satellite data or model results [Carton and Katz, 1990; Schott, 1992,1993; McCleari and Klinck, 19951 shed light in a more general context; but past satellite missions are of short duration and not accurate enough to resolve the appropriate scales of the western boundary dynamics (from 100 to 1000 km lengths and from intraseasonal to interannual time periods), and models are sensitive to inaccuracies in surface fmings and parameterization.
Thanks to the long duration of the TOPEXPOSEIDON mission and the high level of accuracy of the altimetric data, we have been able to describe fully the variability of the SLA in the western tropical Atlantic from 1992 until 1997. With the data sets sampled during the ETAMBOT cruises in boreal fall 1995 and spring 1996, a new approach to determine surface current variability together with volume transports has also been reached.
First, the intercomparison between S I A and ETAMBOT DRA along the diff&mt sections of the cruises is good. The large-scale slopes given by the in situ measurements are well reproduced by altimem, but even more encouraging for the TOPEXE'OSEIDON mission is that mesoscale activity is also detected by the satellite data through use of an objective analysis. The mean rms diffexence over all the cruises between SLA and DHA is below 3 cm, while typical changes over the geographical area range from 10-20 cm. In term a-nurface cmnts, off the equatoi--,md 2ON-2"S. the agreement between altimetry and SADCP data is qualitatively good. Mast of the meandering and eddy-like structures evidenced during the cruises are also revealed on altimetric maps. During bareal fall 1995 sand spring 1996, both currents present nearly the same spatial extent, the same revenal. The discrepancies in terms of magnitude are mostly due to the coarse latitudinal TOPEX/PCPSEIDON resolution, which affects the meridional velocity.
Assuming that the upper layer transport variability in the western tropical Atlantic is mostly barocljnic at the first oder, we transform the altimetric surface current into upper layer volume transport, using the vertical modes obtained from the in situ measurements. We test the hypothesis by comparison with the SADCP transports computed over the upper 100-m layer.
The rms diffemms between the LAb-.netu ani transports are around 0.9 Sv during both cruises.
I'
WCP
' 4
This agreement between in situ measurements and TOPEX/POSEIDON data during boreal fall 1995 and spring 1996, in terms of S U , surface currents, and upper layer volume transports, allows us to develop, for the first time over the area, a realistic picture of the spatial and temporal variability over a nearly 5-year period, 1992 to 1997.
The SLA variability clearly emphasizes three ranges of variability. The inmeasonal variability is associated with propagating features along the northem part of the ami. The mean propagation velocity is consistent with a first offequatorial baroclinic Rassby wave charactehtic. The seasonal variability, which accounts for the largest part in terms of energy, mostly describes the NECC seasanal cycle, in response
